Because of their sessile nature, plants evolved several mechanisms to tolerate or avoid conditions where water is scarce. The molecular mechanisms contributing to drought tolerance have been studied extensively, whereas the molecular mechanism underlying drought avoidance is less understood despite its importance. Several lines of evidence showed that the roots sense the moisture gradient and grow toward the wet area: so-called hydrotropism. We previously identified MIZU-KUSSEI (MIZ) 1 and MIZ2/GNOM as genes responsible for this process. To gain new insight into the molecular mechanism of root hydrotropism, we generated overexpressors of MIZ1 (MIZ1OEs) and analyzed their hydrotropic response. MIZ1OEs had a remarkable enhancement of root hydrotropism. Furthermore, a greater number of MIZ1OE root cells remained viable under hydrostimulated conditions than those of the wild type, which might contribute to retaining root growth under hydrostimulated conditions. Although overexpression of MIZ1 also caused a slight decrease in the root gravitropic response, it was not attributable to the enhanced hydrotropic response. In addition, miz2 mutation or the auxin response inhibitor nullified the enhanced hydrotropic response in MIZ1OEs. Furthermore, the expression of MIZ1 did not alter the expression of typical genes involved in drought tolerance. These results suggest that MIZ1 positively regulates hydrotropism at an early stage and its overexpression results in an enhancement of signal transduction unique to root hydrotropism to increase the degree of hydrotropic root bending.
Introduction
In all organisms, the post-natal stage is an extremely fragile developmental stage with regard to abiotic stress such as water deficit. This also includes seedlings and their ability to become established following germination. Considering that plants are sessile and require water, unique mechanisms have evolved to avoid or tolerate drought conditions and also to utilize limited water resources at the germination site. Although the mechanisms that contribute to drought tolerance have been extensively studied (Conde et al. 2011 , Qin et al. 2011 , the mechanism that confers drought avoidance as yet has not been revealed. Hydrotropism is a response to moisture gradient and, owing to this, the roots can grow toward the moistened area (Takahashi et al. 2009 . Thus, elucidating the molecular mechanism underlying root hydrotropism is important for understanding the capability of plants for drought avoidance. Additionally, root hydrotropism is thought to function not only in drought avoidance but also in efficient water and nutrient uptake from the soil (Eapen et al. 2005 , Takahashi et al. 2009 ). Hence, a plant with an increased capability to survive under water-stressed conditions might be desirable given current global climate changes. However, the mechanism of root hydrotropism is less understood despite its importance.
Roots are also known to exhibit tropisms in response to other environmental factors such as gravity, light and touch. These responses are referred to as gravitropism, phototropism and thigmotropism, respectively. Of the known tropisms, gravitropism and phototropism have been intensively investigated, and many details of the molecular mechanisms of these phenomena as well as the interaction between two tropisms have been revealed (Ruppel et al. 2001 , Correll and Kiss 2002 , Perrin et al, 2005 , Iino 2006 ). Although root hydrotropism was the subject of early classical investigations (Knight 1811) , this phenomenon has received little recent attention. This has been primarily due to the difficulty in separating hydrotropism from other root growth movements, especially from gravitropism (Takahashi 1997) . Also, root gravitropism interferes with root hydrotropism, and the former often masks the expression of the latter (Jaffe et al. 1985 , Mizuno et al. 2002 . We established experimental systems for the induction of hydrotropic responses in Arabidopsis roots, which had enabled us to use molecular genetics as a tool . Using a genetic screen for root hydrotropism inability, we identified two genes indispensable for this process, MIZU-KUSSEI (MIZ) 1 and 2 , Miyazawa et al. 2009a ). Both miz1 and miz2 are the only ahydrotropic mutants for which the responsible genes have been determined to date. Although miz1 and miz2 are defective in root hydrotropism, they have no visible defects in shoot and root growth. MIZ1 encodes an uncharacterized protein containing a domain of unknown function, designated the MIZ-domain . Further analyses revealed the original miz1-1 to be a loss-of-function allele, as its ahydrotropic phenotype was similar to the T-DNA insertional knockout mutant miz1-2 (Takahashi et al. 2009 ). Thus, it is assumed that MIZ1 might act as a positive regulator of root hydrotropism. On the other hand, MIZ2 encodes a novel allele of GNOM, a guanine exchange factor for ADP-ribosylation factor-type G protein (ARF-GEF). The majority of gnom mutants exhibit defects in various developmental processes; however, the phenotype of miz2 is restricted to loss of hydrotropism. This suggested that the phenotype of miz2 appeared to be allele specific (Miyazawa et al. 2009a) . Comprehensive analysis of hydrostimulation-regulated genes suggests that a typical drought stress is not sufficient to induce root hydrotropism. Instead, root hydrotropism involves additional transcriptional regulation unique to the phenomenon (Moriwaki et al. 2010) . Recently, we generated overexpressors of MIZ1 (MIZ1OEs) and found that the overexpression of MIZ1 resulted in a suppression of primary root elongation and lateral root development on conventional medium, and that these phenotypes seemed to be attributable to a decreased auxin level in roots . However, the phenotypes of MIZ1OEs under hydrostimulated conditions have not yet been investigated. In this study, we analyzed the hydrotropic phenotypes of the MIZ1OEs to gain a new insight into the MIZ1-mediated regulation of root hydrotropism.
Results and Discussion
Overexpression of MIZ1 not only enhanced hydrotropism but also sustained cell viability under hydrostimulated conditions
To investigate the effect of MIZ1 overexpression on the root hydrotropic response, we generated transgenic plants that express the MIZ1 gene under the Cauliflower mosaic virus (CaMV) 35S promoter . Of the transformants, we successfully isolated two MIZ1OEs, namely OE7 and OE29, expressing MIZ1 at a very high level when compared with the wild type (WT), which we decided to use in the further studies (Fig. 1A) .
To investigate the hydrotropic responses in MIZ1OEs, we placed 4-day-old seedlings of OE7 and OE29 on agar plates containing 0-14.8% sorbitol. These plants were compared with WT seedlings exposed to the same water potential conditions (Fig. 1B) . After 3 d of treatment, the roots of MIZ1OEs clearly showed greater curving towards the area of high water potential than WT seedlings (cf. Figs. 1C, D, E) . The kinetics of hydrotropic root curvature of the WT, OE7 and OE29 were also compared. Roots of 4-day-old WT seedlings began to curve toward the area of high water potential within 12 h of exposure and reached a maximum (approximatley 40
) at 48 h. Similarly, MIZ1OE seedlings subjected to the same conditions began to show hydrotropic responses within 12 h. However, a greater degree of curvature was observed compared with the WT (Fig. 1F) . Root growth of MIZ1OEs during their hydrotropic response was also greater than that of WT roots. These results clearly demonstrated that MIZ1OEs exhibited enhanced hydrotropic responses.
Several lines of evidence have suggested that gravitropism interferes with hydrotropism (Takahashi et al. 2009 ). We further analyzed the gravitropic response of MIZ1OEs. While the gravitropic response of MIZ1OEs was quite obvious, the development of tropic root curvature was significantly weaker than that of the WT (Supplementary Fig. S1 ). In terms of overall root growth during gravitropism, no significant differences between WT and MIZ1OEs were observed. Because the miz1-1 mutant manifests normal gravitropism, as does the WT , it is quite hard to elucidate the reason why overexpression of MIZ1 diminished gravitropism in this state. We recently found that the overexpression of MIZ1 results in a slight decrease in auxin level in the roots , which might cause this decrease in root gravitropism. Indeed, combinations of auxin biosynthesis mutants show significant reduction in root gravitropism (Stepanova et al. 2008 , Yamada et al. 2009 ). Alternatively, it is also likely that MIZ1 and/or its homologs, namely the other 11 genes encoding an MIZ-domain ), participate redundantly in the regulation of root gravitropism and that the overexpressed MIZ1 replaced their roles. More importantly, this result demonstrated that the overexpression of MIZ1 slightly suppressed the development of root gravitropic bending, which evoked a new question of whether the enhancement of the hydrotropic response in MIZ1OEs could be solely explained by their decrease in gravitropism. In fact, we have shown that diminishing the root gravitropism either genetically or pharmacologically enhanced the development of root hydrotropism , Kaneyasu et al. 2007 ). To test this possibility, we further compared the hydrotropic response of the WT with that of MIZ1OEs using a two-axes clinostat that nullifies the effect of the gravity vector (Mizuno et al. 2002) . In WT seedling roots, the hydrotropic response under clinorotating conditions was greater than that under stationary conditions ( Supplementary Fig. S2 ). Similarly, clinorotation further enhanced the hydrotropic response of MIZ1OEs. Although clinorotation accelerated the development of root curvature in both WT and MIZ1OEs, the hydrotropic curvature of MIZ1OEs was still greater than that of the WT, even under clinorotating condition, especially at the early stage of hydrotropic growth. These results suggest that the increment of the hydrotropic response in MIZ1OEs cannot be explained solely by their decreased gravitropism. Rather, it is likely that the overexpressed MIZ1 enhanced root hydrotropism.
Moreover, we found that root cells of MIZ1OEs retained viability during the root hydrotropic response. To visualize the distribution of dead cells, hydrostimulated roots were stained with propidium iodide (PI) and observed under a confocal laser scanning microscope. PI is a membrane-impermeant dye and is often used to stain dead cells, because it only enters cells with a compromised membrane. When WT roots hydrostimulated for 24 h were stained with PI, many cells absorbed the dye, suggesting that a certain amount of cells in the root meristematic region and elongation zone lose their viability under hydrostimulated conditions ( Fig. 2A) . Under such conditions, few MIZ1OE root cells absorbed the dye. We compared the PI-stained root areas of hydrostimulated WT roots with those of MIZ1OEs, and confirmed that root cells of MIZ1OEs were more viable than those of the WT ( Supplementary Fig. S3 ). Analyses of a transgenic plant expressing green fluorecent protein (GFP)-fused MIZ1, driven by the native promoter, demonstrated that MIZ1-GFP was expressed not only in root cap cells, but also around the transition zone in the cortical meristematic region (Yamazaki et al. 2012 ). In addition, we have shown that the MIZ1 expression level in the root cap is important for full hydrotropic root bending (Arnaud et al. 2010 . Thus, it is assumed that the enhanced root hydrotropic response in MIZ1OEs is caused by the abundant accumulation of MIZ1 mRNA in root tip cells. This notion should be confirmed in further studies by using plants with multiplied MIZ1 gene dosages. On the other hand, there was less MIZ1 expression in cortical cells of the elongation zone than in the regions described above. Considering that the MIZ1 gene was driven by a CaMV 35S promoter, MIZ1 was also overexpressed ectopically, presumably including the elongation zone. Thus, our results suggested that ectopic expression of MIZ1 conferred cell viability under hydrostimulated conditions, which might contribute to the enhanced root elongation.
Overexpression of MIZ1 enhances tolerance to osmotic stress
We recently performed a transcriptome analysis during the hydrotropic response in Arabidopsis (Moriwaki et al. 2010 ). This analysis uncovered a large number of ABA-and water stress-responsive genes, which were expressed upon hydrostimulation. Furthermore, we found that expression of MIZ1 is under the control of endogenous ABA signaling . Considering that root hydrotropism is one of the avoidance responses for water stresses, such as drought and osmotic stresses, it is quite informative to know that MIZ1 signaling has a cross-talk with water stress-responsive gene networks. To investigate the effect of MIZ1 overexpression on ABA-and water stress-responsive gene expression, we analyzed the expression of typical ABA-and water stress-responsive genes and found none of them to be either up-or down-regulated by MIZ1 overexpression (Fig. 2B) . Similarly, none of them was up-regulated in the miz1 mutant. This result suggests that enhancement of the hydrotropic response in MIZ1OEs is not due to the increased expression of typical water stress tolerance-related genes. As such genes have previously been used to produce drought-tolerant plants (Kasuga et al. 1999) , our results strongly suggest that regulatory genes of hydrotropism can be used for engineering drought avoidance in place of or in addition to the existing technology. Moreover, constitutive expression of genes related to drought tolerance has previously resulted in suppressed plant growth and development (Kasuga et al. 1999) , while MIZ1OEs have less effect on plant growth and development, including the reproductive phase ( Supplementary Fig. S4 ). In addition, the public transcriptome data indicate that MIZ1 expression is up-regulated immediately following osmotic stress treatment (Kilian et al. 2007 ; Fig. 3A) , suggesting that the signal transduction pathways for hydrotropism and osmotic stress response overlap to some extent. This led to an investigation of the effect of MIZ1 overexpression on the osmotic stress response. When WT seedlings were transplanted in a medium containing mannitol (100, 200 and 300 mM), the root growth was inhibited depending on the strength of the osmotic stress (Fig. 3B) . This inhibition was slightly enhanced in the miz1 mutant (Fig. 3B) . In roots of MIZ1OEs, treatment with mannitol up to a concentration of 200 mM did not alter their growth, suggesting that the roots of MIZ1OEs were more osmotolerant (Fig. 3B) . These results indicated that MIZ1 overexpression resulted in an enhancement of signal transduction unique to root hydrotropism to increase the degree of hydrotropic root bending. In addition, it is suggested that both enhancement of root hydrotropism and osmotolerance conferred by the overexpression of MIZ1 might contribute to cell viability and retaining root growth under hydrostimulated conditions. In OE29, lateral root development was severely suppressed under osmotic stressed conditions, whereas the miz1 mutant showed a slight osmotolerance . Duan et al. (2010) reported that a prolonged exposure to water stress induced programmed cell death of the primary root tip and stimulated lateral and adventitious root formation. Thus, in addition to the control of the auxin level, MIZ1-related control of cell viability under osmotic stress might affect the root system architecture to contribute to the adaptive response of the plant. So far, different results have been reported on the contribution of root system development to drought tolerance. For example, up-regulation of a H + -pyrophosphatase produced a vast root system and conferred drought tolerance in Arabidopsis and tomato (Gaxlola et al. 2001 , Park et al. 2005 . On the other hand, a gain-of-function mutant of rice IAA-amido synthase exhibited drought tolerance along with a few lateral roots phenotype (Zhang et al. 2009 ). Interestingly, both phenotypes were accompanied by alterations in auxin transport or metabolism. Overexpression of H + -pyrophosphatase resulted in an enhanced auxin transport, whereas gain-of-function mutants of IAA-amido synthase showed an enhancement in conversion of free IAA to an inactive form , Zhang et al. 2009 ). Considering that MIZ1OEs exhibit a decrease in auxin content, our present result indicated the importance of regulation of auxin under conditions where water is scarce.
Relationship between MIZ1 and MIZ2/GNOM
We previously analyzed another ahydrotropic mutant miz2 and reported that GNOM-mediated vesicle transport is necessary for the root hydrotropic response (Miyazawa et al. 2009a) . To elucidate the relationship between MIZ1 and GNOM-mediated vesicle transport in root hydrotropism, we analyzed the effect of MIZ1 overexpression in the miz2 background. We crossed OE7 with miz2, resulting in a miz2 homozygote overexpressing MIZ1 (miz2 Â OE7). The expression level of MIZ1 was unaltered by the miz2 mutation . The results showed that the effect of MIZ1 overexpression was completely nullified by the miz2 mutation, with the hydrotropic response of miz2 Â OE7 similar to that of miz2 (Fig. 4A) . To confirm that disruption of GNOM activity can nullify the effect of overexpressed MIZ1, we performed pharmacological analysis using an inhibitor of an ARF-GEF subclass, brefeldin A (BFA) (Renault et al. 2003) . When both MIZ1-overexpressing lines were treated with BFA, their hydrotropic responses were severely inhibited and resembled the hydrotropic response of WT plants treated in the same manner (Fig. 4B) . Similarly, we demonstrated that the defect in lateral root development in MIZ1OEs was suppressed by miz2 mutation ). Furthermore, it was reported that the localization of MIZ1-GFP protein was not altered by miz2 mutation . Thus, it is likely that the miz2 mutation is epistatic to MIZ1 overexpression not only in the case of root hydrotropic response but also in lateral root development. Further genetic analyses using weak alleles of miz1, which is, however, currently unavailable, will reveal the relationship between MIZ1 and MIZ2.
We have also demonstrated that the auxin response is important for the development of root curvature in both hydrotropism and gravitropism (Kaneyasu et al. 2007 ). Because overexpression of MIZ1 caused a decrease in auxin content in roots, we further characterized the relationship between the overexpressed MIZ1 and auxin action on root hydrotropism. We treated MIZ1OEs with an anti-auxin, p-chlorophenoxyisobutyric acid (PCIB), and monitored its effect on root hydrotropism. When the seedlings overexpressing MIZ1 were treated with PCIB, hydrotropic curvature was diminished to the extent of that of the WT treated with PCIB (Fig. 5) . This result demonstrated that PCIB treatment nullified the effect of MIZ1 overexpression on root hydrotropism. Previously, we demonstrated that the suppression of lateral root development in MIZ1OEs was recovered by exogenous application of auxin . To test whether the hydrotropic response can be reduced by application of exogenous auxin, we monitored the hydrotropic response of OE7 treated with various concentration of auxin ( Supplementary Fig. S5 ). The result clearly showed that application of auxin reduced the rate of hydrotropic response in a dose-dependent manner. This reduction in root hydrotropic curvature was observed in both the WT and OE7. Interestingly, the sensitivities to exogenous auxin differed between the hydrotropic response and lateral root development. Lateral root development was stimulated on the medium supplemented with 10 nM 1-naphthaleneacetic acid (NAA) ; however, the root hydrotropic response was unaffected by application of NAA at 10 nM. In both the WT and OE7, the clear reduction of the root hydrotropic response was observed by (Col), OE7 and OE29 were grown on medium containing 0, 100, 200 and 300 mM mannitol for 3 d. Open bars, 0 mM (control); hatched bars, 100 mM; gray bars, 200 mM; filled bars, 300 mM. Data are the means from three independent experiments ± SE, and asterisks indicate significant differences between control and mannitol-treated conditions as defined by the Student's t-test (*P < 0.01, **P < 0.05).
adding NAA at the final concentration of 50 nM ( Supplementary Fig. S5 ). These results suggested that the optimal concentration of auxin differs between the root hydrotropic response and lateral root development. From these results, it is considered that MIZ1 could be a key molecule that regulates the auxin content in roots and thus regulates the degree of hydrotropic root bending. To date, many genes have been discovered to be involved in the auxin biosynthetic pathway (Mano and Nemoto 2012) . In addition, possible inhibitors of auxin biosynthesis have been reported (Soeno et al. 2010) . Use of knockout mutants of auxin biosynthesis genes or inhibitors of auxin biosynthesis might provide a clue to clarify the above-mentioned hypothesis.
In summary, it is suggested that MIZ1 may act at early stages of the hydrotropic response, and its overexpression can not only potentiate the ability for drought avoidance, namely root hydrotropism, but can also increase the root cell viability under hydrostimulated conditions.
Materials and Methods

Plant growth conditions
Seeds of Arabidopsis thaliana were surface sterilized and grown on 0.3% Gellam Gum (Sigma) plates of half-strength Murashige and Skoog (MS) medium (Sigma) as described previously ). Unless noted, 4-day-old seedlings were used for all experiments.
Generation of MIZU-KUSSEI1 (MIZ1) overexpressors
A PCR-amplified fragment of the MIZ1 open reading frame was subcloned into pCR-Blunt II-TOPO (Invitrogen) according to Data are the means from three independent experiments ± SE, and asterisks indicate significant differences between mock-and BFA-treated samples as defined by the Student's t-test (P < 0.01). Four-day-old seedlings were hydrostimulated for 24 h in the medium containing PCIB, and their root curvatures were monitored. PCIB was applied at a concentration of 10 À5 M. For mock treatments, an equivalent volume of dimethylsulfoxide (solvent used for PCIB) was added to the medium. Open bars (black, red and blue) indicate mock-treated samples, and filled bars indicate PCIB-treated samples. Black bars, Col; red bars, OE7; blue bars, OE29. Data are the means from three independent experiments ± SE, and asterisks indicate significant differences between mock-and PCIB-treated samples as defined by the Student's t-test (P < 0.01). the manufacturer's instructions. After sequencing, the MIZ1 fragment was excised and cloned into the binary plant transformation vector pBI121 (Jefferson et al. 1987) in place of the uidA gene. The resulting construct was transformed into Agrobacterium tumefaciens strain LBA4404 and transformed into WT A. thaliana using the floral dip method (Clough and Bent 1998) . Integrated DNA fragment copy numbers were estimated by monitoring the segregation ratios of kanamycin resistance in T 2 plants. Homozygous T 3 plants were used for further experiments.
Root hydrotropism and gravitropism assays
Agar medium-based hydrotropism assays were performed using the previously described protocol (Kaneyasu et al. 2007) . Treatments with BFA (Sigma), PCIB (Tokyo Chemical Industry Co.) and NAA (Sigma) were performed as described previously (Kaneyasu et al. 2007 , Miyazawa et al. 2009a ). For gravitropism assay, seedlings were placed vertically on 1% (w/v) agar plates containing half-strength MS salts, which were then re-oriented 90 and placed in the dark at 23 C. To minimize the effect of the gravitational vector, a two-axes clinostat was used as described previously (Mizuno et al. 2002) . Tropic root curvature and growth were monitored as described previously (Kaneyasu et al. 2007 ). Statistically significant differences were determined using Student's t-test.
Osmotolerance assay
Seedlings were transplanted onto a half-strength MS medium containing mannitol (Wako Chemicals) at varying concentrations (0, 100, 200 and 300 mM). The seedlings were grown for 3 d without light, after which root growth was monitored as described previously (Miyazawa et al. 2009a) .
RNA isolation and quantitative reverse transcription-PCR
Total RNA from whole seedlings was extracted using an RNeasy Plant Mini Kit (Qiagen), according to the manufacturer's instructions. Following DNase treatment, cDNA synthesis was performed using a ReverTra Ace kit (Toyobo), with 1 mg of total RNA as the template. Quantitative reverse transcription-PCR was performed using MyiQ and iQ SYBR Green Supermix (Bio-Rad Laboratories), according to Miyazawa et al. (2008) .
Confocal laser scanning microscope observations
Root tips were stained with PI and observed under FV-1000 using a confocal laser-scanning microscope (Olympus) as described previously (Miyazawa et al. 2009b ). The PI-stained area was measured by Image J version 1.45 software (NIH; http://rsweb.nih.gov/ij).
Supplementary data
Supplementary data are available at PCP online. 
